Pathological effects of viral infections can result from mucosal surfaces are capable of expressing a variety of cytokines upon microbial infections (2-5). A recent redirect damage inflicted on host tissue by the virus or indirectly by various effector molecules, namely, cytoview has highlighted the active role of mucosal epithelial cells in mucosal immune responses, inflammation, imkines and chemokines, released from host cell in response to viral infection. These effector molecules are munoregulation, and microbial pathogenesis (6). In the present study, the cytokine gene expression in the peralso involved in the orchestration of the immune responses which could turn out to be protective or pathomissive murine epithelial cell line EMT-6, in response to HSV-1 (KOS) infection, was analyzed quantitatively using logical. The overall outcome of these events could be beneficial or harmful to the host depending on the milieu quantitative reverse transcription-polymerase chain reaction (RT-QPCR) and RNA dot-blot hybridization. The represented by the cytokines and chemokines mounted. Virus replication in a cytokine-producing cell, or in certain cell line capable of expressing IL-1, IL-6, IL-7, IL-10, TNFa, and TGFb showed selective enhanced expression cases viral products reacting with cells, may serve to modulate cytokine gene expression (1). Therefore, eluciof IL-6 (mRNA and protein) upon HSV-1 infection. Mutant viruses (HSV-KOS) lacking functional ICP27 or ICP8, dation of the molecular events involved in the modulation of cytokine/chemokine gene expression may help to ma-ICP4, or ICP0 genes also selectively upregulated IL-6 gene expression. The selective upregulation is probably nipulate the immune system to the benefit of the host. Herpes simplex virus (HSV) can cause tissue damage occurring at the transcriptional level since HSV-1 can activate NF-kb in the infected cells (7) , and the IL-6 prodirectly; however, normally, viropathic and immunological reactions to viral antigens mediate HSV pathogenesis moter contains an NF-kb binding motif (8) . Enhancement of mRNA stability brought about by HSV-specific pro-(1). Most frequently herpes viruses gain entry into the host through mucosal surfaces. Epithelial cells at the tein(s) is another possibility. In order to study the modulation of cytokine gene expression by HSV-1, the permissive epithelial-like cell line EMT-6 derived from murine tissue was used. The EMT- grows to a high titer. This cell line is also used as a target However, they did not have any detectable levels of IL-2, IL-4, IL-5, IL-12 (40), or IFN-g mRNA. Even though HSVin demonstrating HSV-1-specific cytotoxic T lymphocyte activity in vitro. The cells were maintained in Dulbecco's 1 is known to inhibit host gene expression upon infection of cells, this effect did not occur with one of a number minimum essential medium (DMEM) containing 10% fetal calf serum as well as in serum-free endotoxin-free meof cytokine mRNA levels quantified. Accordingly, levels of IL-6 mRNA were elevated 7-to 10-fold in cells infected dium (Sigma Chemicals, St. Louis, MO). Cytokine gene expression was studied in response to mock infection, with infectious HSV (Table 1) . In contrast, levels of three other cytokines measured concomitantly in the same lipopolysaccharide (LPS) stimulation, and infection with live, UV-inactivated, or heat-killed wild-type HSV-1-KOS cells were inhibited, and the expression of IL-10 mRNA was abrogated totally in cells examined 12 hr postinfec-1.1 and replication-defective mutants derived from KOS 1.1. The mutants used were those lacking functional ICP0 tion (p.i.). The stimulatory effect of HSV-1 infection on IL-6 gene expression was dependent on virus dose and (9), ICP4 (10), ICP8 (11), or ICP27 (12) genes. All these mutants have either nonsense mutations or deletions duration of infection (Fig. 1 ). We further investigated the possible role played by some of the essential regulatory and are either totally replication incompetent (ICP4, ICP8, and ICP27 mutants) or impaired in in vitro cell growth gene products of HSV-1. Accordingly, five mutants deficient for ICP0 (n212), ICP4 (n12), ICP8 (d301), or ICP27 (ICP0). Cells were infected with varying multiplicities of infection (m.o.i.) and for varying periods of time (2, 4, 6, (d27, n504) were used to infect the EMT-6 cell line. The ICP8 (contains a deletion in the gene) and ICP27 mutants and 12 hr). LPS (Salmonella typhimurium, Sigma Chemicals) stimulation was carried out by exposing 3 1 10 6 (either a nonsense mutation n504 or deletion d27) are capable of expressing the protein products of a, b, and cells/ml to 1.0 mg of LPS for 6 hr. Cells were washed free of the medium and harvested in TRIZOL reagent g 1 genes upon entry into the cells, but they do not replicate and hence are incapable of infecting fresh cells. (Molecular Research Center, Inc., Cincinnati, OH) for RNA isolation and in eukaryotic lysis buffer (50 mM TrisThe ICP4 mutant (nonsense mutation in the gene) virus expresses a truncated ICP4 protein (expresses only the HCl, pH 8.0, 150 mM NaCl; 1% NP-40; 0.5% SDS, 1.0 mg/ ml pepstatin, 0.5 mg/ml leupeptin, and 2.0 mg/ml aprotiamino-terminal part of the gene) and, therefore, expresses only a-gene products and hence does not form nin) for protein estimation. Total cellular RNA isolated was reverse-transcribed using standard protocol (13, 14) .
infectious virions. ICP0, again, is a deletion mutant and is impaired in in vitro cell growth. All five mutants, just as A qualitative polymerase chain reaction (PCR) was done initially using a specific set of primers (13, 14) and subsethe wild-type live KOS, upregulated IL-6 gene expression selectively while the expressions of two housekeeping quently each message (b-actin, HPRT, IL-1, IL-6, IL-7, and IL-10) was quantified employing a quantitative comgenes studied (b-actin, HPRT) were downregulated (Table 2), the kinetics being similar to that observed with petitive polymerase chain reaction using a multispecific internal control (13, 14) . The expression of housekeeping the wild-type virus (Fig. 2) . The expression of b-actin, IL-1, IL-6, IL-7, and IL-10 was also analyzed directly by dotgenes (b-actin and HPRT) and various cytokine genes was also assessed using dot-blot hybridization of speblot hybridization of total cellular RNA employing biotinlabeled specific cDNA probes, and the results (data not cific mRNA using biotin-labeled specific cDNA probes. The hybridized labeled probes were detected using enshown) correlated well with the RT-QPCR data and particularly confirmed the specificity of the PCR reactions hanced chemiluminescent detection system (Photobiotin Labelling System, Life Technologies, MD). The intensity and products. Having demonstrated the selective upregulation of IL-6 by HSV, we further tested whether this of the dots was measured by densitometric scanning (Model GS-670, Imaging Densitometer, Bio-Rad, Herindeed translated into a more biologically significant entity, IL-6 protein. Cell (infected with wild-type/KOS ICP4 cules, CA). In order to assess the production of IL-6 protein, the cell lysates (adjusted for cell number and volmutant/ICP27 mutant-live or UV-inactivated) lysates were collected at 2, 4, 6, and 12 hr postinfection and ume) were dot blotted on to Nytran membrane (Schleicher and Scheull, Keene, NH) using a dot-blot aptested for IL-6 protein by dot-blot hybridization using monoclonal antibody raised against murine IL-6. There paratus (Bio-Rad Bio-Dot apparatus, Hercules, CA). The blots were probed with monoclonal antibodies specific were appreciable amounts of IL-6 protein in cell (infected with live wild type and mutants) lysates collected at 12 for murine IL-6 (Pharmingen, San Diego, CA) and bound antibody was detected by alkaline-phosphatase-conjuhr p.i. with small amounts in sample collected 6 hr p.i. There were no detectable levels of IL-6 protein in cell gated goat anti-mouse antibody (Sigma Chemicals) and the substrates BCIP and NBT (Bio-Rad, Hercules, CA).
lysates collected at 2 and 4 hr p.i. UV-inactivated viruses (wild type or mutants) did not induce expression of IL-6 EMT-6 cells, grown in growth medium (DMEM containing 10% FBS), expressed various cytokine genes (ILprotein (data not presented).
An HSV-1-induced selective upregulation of IL-6 gene 1, IL-6, IL-7, and IL-10) at moderate levels and responded to LPS (1 mg/ml; 3 1 10 6 cells/ml) by upregulating the expression (mRNA level and protein level) in a permissive murine epithelial cell line is demonstrated. The levexpression of all the cytokine genes (data not shown). Note. The EMT-6 cells were grown in DMEM containing 10% FBS. The cells were infected with an m.o.i. of 5.0. The infection was allowed to continue for 12 hr. The UV inactivation was achieved by exposing the virus 15 cm away from the source of UV light for 15 min. The virus was heat inactivated by incubating the virus stock at 56Њ for 30 min. The total cellular RNA was isolated, quantitated spectrophotometrically, and analyzed by RT-QPCR. els of IL-1, IL-7, and IL-10 mRNA were significantly rethe cellular gene transcription during HSV-1 infection, had implied that the immediate early proteins of the HSV duced along with those of the housekeeping genes bactin and HRPT. Previous studies have shown both upare involved in the upregulation of host gene transcription. Kemp and Latchman (21) have indicated involveand downregulation of expression of various cytokine genes in monocyte/Mf cells of either murine or human ment of ICP4 proteins in the activation of certain cellular genes. However, none of the regulatory proteins such as origin (15) (16) (17) . However, monocytes/Mfs are not fully permissive for a productive HSV-1 infection and are prob-ICP0, ICP4, ICP8, and ICP27 tested in the present study seems involved in the enhanced expression of IL-6. ably not the primary targets of HSV-1 infection in the natural host. HSV infection of a cell is known to shut off There are several transcriptional enhancer elements present in the 5 flanking region of the IL-6 gene (27) . A host protein synthesis by the virus host shut-off gene product (17) . There are, however, a few reports in the direct stimulation of IL-6 gene via transactivation by the HTLV-encoded regulatory protein Tax has been reported literature demonstrating upregulation of certain cellular genes in response to HSV-1 infection (19) (20) (21) (22) . Another (28) . It is also possible that one or more HSV-1-specific gene product(s) could bind to the IL-6 regulatory eleherpes virus, namely, human cytomegalovirus (HCMV), has been shown to be capable of inducing TGFb1 and ments and, thereby, directly influence expression of the IL-6 gene. Since HSV-1 is able to activate the cellular IL-6 in a human foreskin fibroblast cell line and in bone marrow cells (23, 24) . The exact mechanism(s) involved transcriptional activator NF-kB within the cytoplasm of infected cells (7), and the IL-6 promoter has the NF-kB in the observed HSV-mediated upregulation of IL-6 gene expression is not fully understood. However, expression binding motif, HSV-induced upregulation of the IL-6 gene could be operating through NF-kB activation. Since HSV of some viral genes within the infected cells seems essential since neither the UV-inactivated nor the heatis capable of upregulating many cellular genes upon infection, it is conceivable that some of these upregulated killed virus had any effect. Because UV-inactivated virus is still capable of interacting with the virus-specific recepgene products are involved in enhanced IL-6 expression either through NF-kB activation or directly acting on ILtor on the host cell surface (25) , and it can be internalized, one can infer that increased IL-6 gene expression is not 6 enhancer elements. The identity of exact HSV proteins or function of HSV in upregulating various cellular genes a virus-host cell receptor-triggered event. Oakes et al. Note. The EMT-6 cells were grown in DMEM containing 10% FBS. All four mutants were used at an m.o.i. of 5.0. The infection was continued for 12 hr. The virus was heat inactivated by incubating the virus stock at 56Њ for 30 min. The total cellular RNA was isolated and quantified spectrophotometrically. The mRNAs were quantified by RT-QPCR.
a Heat-killed mutant viruses did not alter the levels of either housekeeping gene expression or the expression of IL-6 gene in EMT-6 cells.
FIG. 2.
Kinetics of IL-6 mRNA expression in EMT-6 cells in response to HSV-1 (KOS) wild-type and mutant strains. EMT-6 cells maintained in DMEM / 10% FBS were exposed to 5.0 m.o.i. of HSV-1-KOS (wild type) or mutants, namely, ICP8, ICP27, and ICP4. The cells were harvested 2, 4, 6, and 12 hr postinfection, and total cellular RNA was isolated. The RNA was quantified spectrophotometrically. Equal quantities of total cellular RNA were reverse transcribed, and the IL-6 mRNA was quantified using RT-QPCR (Materials and Methods).
et al., manuscript in preparation). There could be other permissive cell line EMT-6, which is independent of at least four essential genes of HSV, namely, ICP0, ICP4, ICP8, and chemokines/cytokines that are upregulated upon HSV-1 infection, which might act additively or synergistically ICP27. The system described here will serve as a model to study the molecular interaction between HSV-1 and host with IL-6 and could influence the inflammatory response. HSV-mediated enhancement of IL-6 expression may also cells with special regard to the expression of various cytokine/chemokine genes involved in the pathophysiology of be significant with regard to specific immune responses generated against HSV since IL-6 is involved in IgA antivarious HSV-mediated disease processes. body production as well as in early development and expansion of cytotoxic T cells. The enhanced IL-6 expres-ACKNOWLEDGMENTS sion could also be pertinent to the survival of HSV in the neuronal tissues of the host since IL-6 is similar to the ing cell-type-dependent differentiation in many cell types, including neuronal tissues (30) . MyD116 is one of several genes cloned as cDNA from myeloid leukemia cells in-REFERENCES duced to differentiate by IL-6. Steady-state levels of induction of IL-6 may serve a similar function in the neu-5. Arnold, R., Humbert, B., Werchau, H., Gallati, H., and Konig, W., ronal tissues during HSV-1 latency.
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Overall, the present study demonstrates an HSV-1-in- duced selective upregulation of the IL-6 gene in the fully
